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1 Introduction

In proton anti-proton colliders, the processes which give rise to events with a W boson
and jets are of great interest for the discovery of a top quark with mass near or above the
mass of the W boson. For such a heavy top quark the dominant production mechanism

results in the production of both a top and an anti-top qua.rkll],

p+p — t+1+ X

Both of these top quarks decay into a W boson (real or virtual) plus a & quark. Subse-
quently, the two W’s decay either leptonically or hadronically. However, if both W bosons
decay leptonically the signal rate is very small, while if both W’s decay hadronically the
signal rate is swamped by QCD jet processes. If one of the W’s decays leptonically and
the other hadronically the signal consists of a ‘leptonic W’ (charged lepton plus missing
Pr) plus jets. Unfortunately, there is a background to this type of event from non-top

processes in the standard model.

For a top quark mass just above the W boson plus & quark mass-threshold, the &
quarks produced by the decay of either top quark will not be observed in the detector
most of the time because of their small transverse momentum. Therefore, near this
threshold, with one W boson decaying leptonically and the other hadronically, the signal
will be predominantly a ‘leptonic W’ plus two jets. For a higher mass top quark the W
boson plus three or four jet signal will become more important. The matrix elements for

the W plus three jet processes have been calculated recently[2].

At the Fermilab Tevatron, the CDF detector has collected approximately 5 pb~! of
data at /s = 1.8 TeV. With this quantity of data, the top signal from both W’s decaying

leptonically runs out of events for a top quark mass around the mass of the W or Z bosons.



To extend the discovery range for the top quark at CDF with the present amount of data
one must turn to the W boson plus jets signal. In this paper we present a detailed
study of various differential distributions for the W boson plus two jet background to
the detection of the top quark. In particular, we emphasize the Q? dependence of both
rates and distributions. Given the uncertainty in the absolute rates due the different
possible choices of @7, it becomes important to establish whether this has an impact on

the shapes of the distributions as well.

The following section describes the calculation while Section III contains the results of
this calculation followed by the conclusions. Many papers have appeared recently which
study top signals at hadronic colliders and production rates for relevant backgrounds: in

Ref.[3] we present a (possibly incomplete) list.

2 The Calculation

The W boson plus two jet cross section at the Tevatron is dominated by the processes
involving qqggW[4]. The amplitude for these processes with the subsequent decay of
the W boson has been calculated to lowest order in perturbation theory in refs [5,6,7].
We have independently recalculated the relevant matrix elements, and have checked
numerically against previous calculations (taking into account all the spin correlations
between the final state leptons and the quarks). For proton anti-proton collisions the
W boson plus two jet events have contributions from the quark anti-quark, quark gluon,
anti-quark gluon, and two gluons initial states. Asin any tree level QCD processes these
amplitudes are singular in the limits when two partons are collinear or when one parton
is soft. To control these singularities we have made cuts on the allowed phase space of the

partons. Of course the experimental definition of jets also requires the introduction of



isolation and minimum-energy cuts, therefore we have used realistic criteria to constrain
the phase-space of the final-state partons. Two different sets of cuts have been used for
the jets corresponding to a high and a low jet transverse momentum, Pr, threshold. The

jet cuts are:

Pp > 22 GeV or Pr > 15 GeV,

ml < 2, (2.1)
&R,‘j = \/51?2+6¢2 > 0.7,

where 7 is the pseudo-rapidity of the jets and ¢ is the azimuthal angle around the beam
direction. When taking into account the effects of energy loss outside the jet-cone because
of fragmentation and the reduced low-energy response of the calorimetry, the high and
low Pr thresholds for the partons roughly correspond to a measured Pr of the jets of

approximately 15 GeV and 10 GeV respectively.

In this calculation we only include the contribution from the electron-decay of the W
boson, but the other leptonic decays can be included by a trivial multiplicative factor.

For the electron and neutrino the Pr cut used is
Pr > 20 GeV (2.2)

and the electron is required to be in the central region but isolated from the jets, these

last cuts being

nl < 1,

AR, > 04. (2.3)

In the Appendix we give the cuts and the total cross section for the analogous calcu-
lation involving a Z boson; i.e. proton anti-proton goes to Z boson plus two jets where

the Z boson decays into an electron plus positron pair.



We have used the ELHQ 1 structure functions with Agep = 200 MeV. Since we
expect the cross section to be semsitive to the choice of @2, we have used a variety of
possible values for @*. Some of these choices depend on the kinematics of the event while
others are kinematically neutral. This sensitivity to the choice of Q% could be reduced if

the next-to-leading order contributions to the cross-section were available.

3 The Results

The results of the calculation described in the previous section are summarized in the
Tables and Figures in this section. Using the cuts for the partons and leptons described
by eqns (2.1) to (2.3) the total cross section has been calculated for the following choices
of Q%

1. the transverse energy squared of the W boson, M3, + (Pr)¥,

2. the mass squared of the dijet system, M7,

3. the square of the arithmetic mean of the Pr of the jets, (¥ Pr/2)?, and

4. the mass squared of the W boson, M3,.

The magnitudes of the total cross sections for these values of Q% are summarized in Table

L



Table I: Rates for W plus Two Jet Production (Q? dependence).

Q? JET Pr > 22 GeV JET Pr > 15 GeV
picobarns picobarns
M3 + (Pr)y 7.8 17
ij 8.6 21
(T P3/2)? 11 27
M3, 8.5 18

As expected there is quite a range in values for the total cross section depending on
the choice of @2. The percentage change in the total cross section is larger for the lower
jet Pr threshold than for the higher threshold. This is easily understood because for the
higher Pr threshold the difference between the various choices of Q? is not as large as

for the lower Pr threshold.

If one were to vary the kinematically neutral Q* = M3, by multiplying or dividing
this @? by some factor the shape of the above curves would remain unchanged yet their
normalization would be different. However the other choices of Q% are not kinematically
neutral and tend to increase that part of the cross section which contains softer jets. This
can be seen by comparing the M3, cross section with that obtained using M%, in table I
The high Pr threshold cross section varies little for this change of Q% whereas the low Pr

threshold cross section is increased by 20%. Similar comparisons can be made between

the other choices of Q2.

In Table II we compare the production rates calculated using different choices of
structure functions[s], namely DO set 1 and 2, EHLQ set 1 and GHR.
We fixed @ = M + (Pr)¥y.



Table II: Rates for W plus Two Jet Production (Strue. Funct. dependence).

Struct. Funct. JET Pr > 22 GeV JET Pr > 15 GeV
picobarns picobarns

DO 1 8.3 18

DO 2 9.4 22

EHLQ 1 7.8 17

GHR 11 23

The shape of the cross section is described by the following Figures, in which we
compare differential distributions obtained using the first three choices of @? listed above.
We have plotted the following differential cross sections: do / dPr for the jet Pr, electron
Pr and the W boson Pp, Figures 1 thrugh 3. Figure 4 is the differential cross section
with respect to the dijet mass of the jets and figure 5 is the differential cross section with
respect to the sum of the scalar Er of the jets. Figures 6 and 7 are the differential cross
sections with respect to the azimuthal angle of the two leptons and two jets respectively
whereas Fig. 8 is the differential cross section with respect to the difference in pseudo-
rapidity of the two jets. Fig. 9, finally contains the transverse mass distribution of the

electron-neutrino pair.

As can be seen, for some of the distributions a change in Q% amounts not just to a
change in rate, but to a change of shape as well, and this has to be kept in mind when

comparing data with theory.

Figure 4 is particularly useful for the search for the top quark since for top induced
W boson plus two jet events the two jets are expected to come from the hadronic decay

of a W boson. Therefore their invariant mass is expected to be the mass of the W boson



up to detector mass resolution. Choosing Q? = M3, the cross section for the background
with the two jets having a mass within 15 GeV of the mass of the W boson is 4.5 and
2.7 pb for the low and high Pr thresholds respectively. From figure 7, the differential
cross section with respect to the azimuthal angle of the two jets, demonstrates that the
jets are predominantly formed back to back and that the AR cut for the jets successfully

cuts off the collinear singularity as the two jets become parallel.

In order to briefly study the possible effects of the detector energy corrections on
the measured quantities, we also recalculated the distribution of the azimuthal difference
between the leptons by using the direction of the raw missing energy rather than the true
energy of the neutrino. The raw missing energy is defined as the norm of the vector sum
of the transverse momentum of the electron plus the raw transverse momenta of the jets,
given by:

Er = 1.2 B3 + 3. (3.1)

where this relation can be used as a ’rule of thumb’ conversion between the parton
energy and the energy of the observed jet resulting from the evolution of the parton
itself. Choosing @ = M}, we show in Fig. 10 the relative azimuthal distribution of the
leptons as compared to the relative azimuthal distribution of electron and raw missing
Er,to emphasize with an example the fact well known to experimentalists that jet energy
corrections may in fact change not just scale factors, but shapes as well. Of course the

energy resolution effects will further smear the curve shown in Fig. 10.

4 Conclusions

In this paper we have given details on the shape and normalization to the W boson

plus two jet cross section for proton anti-proton collisions at 1.8 TeV in the center of



mass. The W boson is assumed to be observed in the electron-neutrino decay mode.
This process is the dominant background to the discover of the top quark with a mass
between 80 and 110 GeV at CDF with 5pb~! of data. Since these background cross
sections are of the order of 10 pb (20pb) for the high (low) jet- Pr threshold, there should
be at least 50 (100) events of this type in the current data set. This number of events
should allow a reasonable comparison between theory and experiment not only on the
total rate but also on shape of the cross section. Hopefully discrepancies will be found

which may indicate the presence of an additional signal, e.g. the top quark.

Acknowledgements: We are thankful to J. Yoh and G.P. Yeh for many useful

discussions and suggestions related to this work.



5 Appendix

For the Z boson plus two jet cross section we have again used cuts which closely mimic
a realistic detector’s cuts. Two different sets of cuts have been used for the jets cor-

responding to a high and a low jet transverse momentum, Pr, threshold. The jet cuts

are

Pr>22GeV or Pr>15GeV

It < 2 (5.1)
AR;; = Jén*+ 647 > 0.7,

The high and low Pr thresholds for the partons roughly correspond to a measured Pr
of the jets of 15 GeV and 10 GeV respectively. The only conribution included here is
the decay of the Z boson into an electron and positron pair. The cuts imposed on these

charged leptons are that one must satisfy

Pr > 20 GeV

Inl < 1, (5.2)

and the other is unbiased both in Pr and %. Both charged leptons are isolated from the
jets by:
AR > 0.4 (5.3)

In Table IIT we present the results for the total cross section for the high and low Pr

threshold for a number of choices of Q2.
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Table III: Cross Sections for Z plus Two Jet Production at the Tevatron.

Q? JET Pr > 22 GeV JET Pr > 15 GeV
picobarns picobarns
M3 + (Pr)} 1.5 3.2
M3, 1.7 4.1
(T Pr/2) 2.2 5.2
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Figure 1(a,b): The differential cross section do/dPr versus jet-Pr. Both partons in each
event enter in the histogram. The solid line corresponds to Q? = M%, the dotted line to
Q? = (T P4/2)? and the points correspond to Q? = M3 +(Pr) . Figure (a) corresponds

to the high-pt jet threshold, (b) to the low-pt jet threshold.
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Figure 2(a,b): The differential cross section do/dPr versus Pr of the electron. Symbols

and notations as in Fig. 1.
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Figure 3(a,b): The differential cross section do/dPr versus Pr of the W boson. Symbols
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